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A Dual-Frequency Quasi-Optical Output System
for a THz Gyro-Multiplier
Xiang Li , Xiaoming Liu, Yasir Alfadhl, Kevin Ronald, Wenlong He, Adrian Cross, and Xiaodong Chen
Abstract—This paper presents the investigation of a quasi-
optical output system for a fourth-harmonic gyro-multiplier in the
THz band through geometric optic analysis and three-dimensional
full-wave simulation. The output system of the gyro-multiplier
needs not only to transfer two high-order waveguide modes into
the quasi-Gaussian beams, but also to separate the two beams. A
dual-frequency quasi-optical mode converter (DQMC) and a fre-
quency selective surface (FSS) are employed to achieve both goals
within this system. Our study has shown that the optimal design of
the DQMC requires a special mode selection in the gyro-multiplier.
The high-pass FSS is designed, fabricated, and experimentally ver-
ified by a THz-TDS system. We have also demonstrated that the
designed FSS is capable of handling the high-power output from
the gyro-multiplier.
Index Terms—Frequency selective surface (FSS), gyro-
multiplier, output systems, quasi-optical mode converter.
I. INTRODUCTION
AGYRO-MULTIPLIER is a high-power THz signal gener-ator based on the combination of traditional gyrotron-like
beam–wave interaction [1] and frequency multiplication [2].
Although the operation of the gyro-multiplier has been studied
extensively in theory [3], [4] and demonstrated successfully in
experiments [5], [6] in recent years, the study of a proper output
system for such device has not been reported in the literature.
Unlike the traditional gyrotrons of single-mode operation, the
output of a gyro-multiplier contains two modes with one oper-
ating at the fundamental electron cyclotron resonance and the
other being excited at one of the high-order harmonics. For
example, the fourth-harmonic gyro-multiplier with sectioned
cavity [2], [6] generates the output waves at 342 and 1368 GHz,
respectively, as summarized in Table I. A proper output system
for the gyro-multiplier should be able not only to convert the
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TABLE I
SUMMARY OF THE OUTPUT WAVE CONTENTS IN THE
FOURTH-HARMONIC GYRO-MULTIPLIER
LF HF
s 1 4
f (GHz) 342 1368
P0 (kW) 2 0.12
Main Mode TE1 , 3 TE4 , 9
LF and HF are short for low-frequency and high-
frequency, respectively. s is the harmonic number.
f denotes the radiation frequency. P0 represents the
output power.
generated wave to quasi-Gaussian beams, but also to separate
the two modes in space.
To transform as well as separate the wave beams, we have
to integrate a dual-frequency quasi-optical mode converter
(DQMC) and a frequency selective surface (FSS) in the output
system. The traditional quasi-optical mode converter (QMC)
has been successfully utilized in gyrotrons for the conversion of
the single-mode output into quasi-Gaussian beam [7]. It has also
been optimized for the frequency tunable gyrotrons operating
with a number of neighboring modes at the fundamental
harmonic [8]. In the case of the gyro-multiplier, however,
the fundamental and harmonic modes are distantly separated
in the spectrum. The traditional geometrical optics analysis
needs to be modified in the design of a DQMC by taking into
consideration the propagation properties of both modes to
enable the simultaneous transformation of both contents into
quasi-Gaussian beams.
For the separation of the two frequencies, we have employed
an FSS. The FSS has been widely used in the low-power range
as an effective filter [9]. It has also been shown as operable with
high-power microwave radiation [10]. Nevertheless, its opera-
tion with high-power THz radiation has not been considered
elsewhere. Here, a high-pass FSS formed by periodic circular
perforations on a metal plate is designed, fabricated, and tested.
The remaining part of this paper is organized as fol-
lows: Section II discusses the configuration of the system.
Section III presents the theory and three-dimensional (3-D) full-
wave verification of the DQMC in simulation. Section IV shows
the design, fabrication, and testing results of the high-pass FSS
of the slot type, with consideration of the high-power incidence.
Section V concludes this paper and suggests the future work.
Fig. 1. Overview of the designed output system for the gyro-multiplier.
II. SYSTEM CONFIGURATION
Since the FSS is a periodic structure, its performance can
only be predictable, manipulated, and optimized when oper-
ating with the plane waves or the Gaussian beams. Thus, the
high-order waveguide modes from the gyro-multiplier should
be transformed into quasi-Gaussian beams, before being sepa-
rated by the FSS.
Fig. 1 shows the schematic view of the designed output sys-
tem for the gyro-multiplier. A DQMC consisting of a launcher
and two mirrors is connected to the output end of the beam–wave
interaction cavity. The red lines represent the path of the con-
verted wave beams. Apart from enabling the effective operation
of the subsequent FSS, the quasi-optical system is a favorable
choice to reduce the transmission and Ohmic loss in the THz
frequency range.
At the waists of the converted quasi-Gaussian beams, an FSS
is applied to separate the two frequencies. To avoid reflecting
the wave back into the beam–wave interaction system, the FSS
is designed for oblique incidence with an incident angle of θin .
In Fig. 1, the low-frequency content is reflected, while the high-
frequency counterpart is transmitted.
III. DUAL-FREQUENCY QUASI-OPTICAL MODE CONVERTER
A QMC is usually composed of a launcher to directionally
radiate the high-order waveguide modes into free space and
several subsequent reflectors to adjust the generated wave beams
and form quasi-Gaussian field distributions. The original Vlasov
launcher with the regular equation-based mirrors was proposed
and demonstrated in 1975 [7]. Since then, several improved
versions of the Vlasov launcher and the standard mirrors have
been reported in the literature [11]–[18].
However, these improved versions tend to add additional com-
plexity in the design, fabrication, and alignment process when
operating at 342 and 1368 GHz. Besides, as the THz output
power of the gyro-multiplier is relatively low compared with
Fig. 2. Geometrical optics of the mode propagation in a cylindrical waveguide.
(a) Side view. (b) Top view.
the traditional gyrotrons, the diffraction and relatively low effi-
ciency of the Vlasov launcher are tolerable. Thus, the Vlasov-
type launcher and the standard mirrors are chosen in the de-
signed DQMC for this proof-of-principle study.
According to the geometric optics, the rotating traveling wave
in the cylindrical waveguide can be decomposed into a contin-
uous flow of rays, as shown in Fig. 2 [13]. The rays form an
angle θB with the axis of the waveguide and
θB=arcsin
(
µ′m, n
R · k0
)
(1)
in which µ′m, n is the eigenvalue of the TEm, n mode in a cylin-
drical waveguide. m and n represent the azimuthal and radial
index of the mode, respectively. R is the radius of the wave-
guide. k0 is the wave number of the mode and k0= 2pif/c. c is
the speed of light in free space. Rc is the caustic radius of the
modes and Rc=R ·m/µ′m, n .The projections of the rays form
an angle θ [7] with eϕ , which is the unit vector in the ϕ direction
of the cylindrical coordinate system. It can be derived that
θ = arccos
(
m
µ′m, n
)
. (2)
The reflecting points of individual ray on the waveguide wall
form a helical line, which has an inclination angle Φ, regarding
the axial direction, and
Φ = arccot
(
sin θ · cot θB
θ
)
. (3)
The distance that a ray has propagated in the axial direction,
when it completes a full azimuthal turn, can be obtained as [13]
L = 2piR2
kz
µ′m, n
√
1−
(
m
µ′m, n
)2 (
arccos
(
m
µ′m, n
))−1
(4)
where kz is the axial wave number of the waveguide mode and
kz =
√
k20 −
(
µ′m, n
R
)2
. (5)
Considering the rotational property of the rays’ propagation
inside the cylindrical waveguide, there will be a series of Bril-
Fig. 3. Variation of ∆θB with the radius of the Vlasov launcher.
louin regions [13] on the internal surface of the waveguide, each
of which reflects all the rays exactly once. The axial length of
the Brillouin region is L and the azimuthal length La can be
expressed as
La = 2θR. (6)
The aperture of a Vlasov launcher can be defined as the last
Brillouin region with length L and width La located at the end
of the launcher.
For the dual-frequency operation, a set of quadratic mirrors is
used to guide the two RF beams so the difference of the values
of the angle θB should be as small as possible, and the Vlasov
launcher should be designed to launch both modes effectively.
On the one hand, the difference between the values of θB for
the two modes can be defined as
∆θB =
|θBLF − θBHF |
θBHF
× 100% (7)
in which θBLF and θBHF are calculated from (1) for the TE1, 3
and TE4, 9 modes, respectively. By the combination of (1) and
(7), the variation of ∆θB with R is shown in Fig. 3.
It can be seen that ∆θB , while being relatively small, de-
creases with the increase of R. Thus, the choice of R is based
on a tradeoff. In order to maintain a relatively small value of
∆θB , the value ofR should be as large as possible. As the upper
limit of the value of R is restricted to the radius of the interac-
tion cavity and the concern of unwanted mode transformation,
then R is designed as 1.4 mm, at which θBLF and θBHF are
determined by (1) as 58.3° and 52.8°, respectively.
On the other hand, the helical cut of Vlasov launcher should
cover the Brillouin regions of both modes. For the TE1, 3 mode,
the Brillouin region can be explicitly defined by the axial length
LLF , the azimuthal length LaLF , and the inclination angle ΦLF .
The Brillouin region forTE4, 9 mode can also be determined in a
similar fashion. These values as listed in Table II are determined
by (3), (4), and (6).
TABLE II
DIMENSIONAL PARAMETERS OF THE BRILLOUIN REGIONS OF THE TWO MODES
LL F LH F La L F LaH F ΦL F ΦH F
3.70 mm 4.59 mm 4.07 mm 4.05 mm 67.2° 62.5°
Fig. 4. Unfolded view of the Vlasov launcher and the Brillouin regions of the
two modes.
The Brillouin region for the TE1,3 mode at 342 GHz is shown
in red in Fig. 4. We have also shown four neighboring Brillouin
regions (numbered as 1, 2, 3, and 4) of the TE4,9 mode at
1368 GHz, the last one of which is in dark gray. It can be seen
thatLLF is shorter thanLHF , whileLaLF is longer thanLaHF . To
enclose the last Brillouin regions of both modes, the traditional
helical cut of the launcher, instead of being determined by L
and La of single mode, should be modified by considering both
modes. That is, the azimuthal and the axial lengths should be
chosen asLaLF andLHF , respectively, and the new cut is shown
as the bolded line in Fig. 4. In such a way, the launcher will be
capable of launching the two modes effectively.
The radiated rays of the modified Vlasov launcher are parallel
in the yz plane and spread an angle of 2θ in the xy plane. A
quasi-parabolic cylinder mirror can be used to parallelize the
rays in the xy plane. After the adjustment, the rays are parallel in
both xy and yz plane. Then, an elliptic-paraboloid [19] mirror is
placed in such a way that its axis is parallel with the propagation
direction of the rays to reflect and focus them to the focal point.
The transverse view of the synthesis of the DQMC is shown in
Fig. 5. The path of the wave beam in the DQMC is represented
by the red lines with arrows.
The dimension of the quasi-parabolic cylinder mirror in the
xy plane is governed by [20]
x (φ) = Rc + piRc cot
(
φ
2
)
−Rcφ cot
(
φ
2
)
− 2l1 cot
(
φ
2
)
(8a)
y (φ) = Rc cot
(
φ
2
)
+
(
pi
Rc
2
−Rc
φ
2
− l1
) (
cot2
(
φ
2
)
− 1
)
(8b)
in which l1 is the distance between the vertex of the quasi-
parabolic cylinder mirror and the z-axis. φ represents the angle
between the projections of the radiated rays in the xy plane and
Fig. 5. Side view of the scheme of mirror synthesis.
TABLE III
PARAMETERS FOR THE MIRROR SYNTHESIS
R c l1 l2 l0 θB d
0.18 mm 4.2 mm 14.0 mm 1.0 mm 52.8° 22.4 mm
the y-axis [20]. The shape of the quasi-parabolic cylinder mirror
is consistent along the z-direction.
The original point of the local coordinate system for the
elliptic-paraboloid mirror isO′. The distance between O′ and O
is l2 in the y-direction. In the (x, y′, z′) coordinate system, the
equation of the elliptic-paraboloid mirror can be written as
z ′ = −
(y′ − lF O ′ · cos θB )
2
4fp
−
(x′)2
4fp
+
(lF O ′ · cos θB )
2
4fp
(9)
where lF O ′ is the distance between the focusing point F andO′.
By setting F being right below O′ and having a distance of d
from the z-axis, the axis z′ forms an angle of θB with the z-axis,
and
fp =
lF O ′
2
(1 + sin θB ) . (10)
The chosen values of the variables used in (8)–(10) are listed
in Table III. The values ofRc and θB are calculated according to
the parameters of the TE4, 9 mode at 1368 GHz. This is because
the two modes share similar values ofRc and θB , and the TE1, 3
mode at 342 GHz is less sensitive to the parameter variations.
To verify the above design, a 3-D full electromagnetic sim-
ulation using Feko 7.0 [21] is conducted. The model is built
according to the scheme shown in Fig. 5. A virtual observation
window is located in the y = 22.4 mm plane to record the field
distribution of the wave beams at the waists.
The distributions of the total electric field E and the corre-
sponding x component Ex on the focal plane, for the cases of
TE1,3 mode at 342 GHz and TE4,9 mode at 1368 GHz, are
shown in Figs. 6 and 7, respectively. The y components Ey and
z components Ez on the focal plane are below −25 dB for the
above two cases (not shown). It can be seen that both the high-
order modes at the fundamental and the fourth harmonic can be
converted into quasi-Gaussian beams, and the side lobes of the
converted beams are lower than −20 dB at 342 GHz and lower
Fig. 6. Normalized electric field distribution (dB) with respect to the peak
electric field strength of 2.25 × 105 V/m on the observation window for TE1, 3
mode incidence at 342 GHz. (a) Total electric field. (b) Ex component.
than −15 dB at 1368 GHz. Figs. 6 and 7 also suggest that both
beams are linearly polarized in the x-direction.
Table IV summarizes the scalar Gaussian content of the con-
verted wave beam (Cs) [19], the power P being collected on
the observation plane [13], the power transmission coefficient η,
and the fraction of depolarized power (XP ) [22] for the above
quasi-Gaussian beams.
We can conclude here that by using the designed DQMC, both
modes at different harmonics can be transformed into quasi-
Gaussian beams, in a similar quality and fashion as in the single-
mode QMC [23], [24].
It should be noticed that the similar propagation properties of
the two modes are essential to the optimal performance of the
designed DQMC. As seen from the mode selection criteria and
the operation principle of the gyro-multiplier [4], [5], the k0 , kz ,
k⊥, m, µ
′
m, n , and ω of the TE4, 9 mode are (nearly or exactly)
four times in value of their counterparts in TE1, 3 mode. This
Fig. 7. Normalized electric field distribution (dB) with respect to the peak
electric field strength of 2.38 × 105 V/m on the observation window for TE4 , 9
mode incidence at 1368 GHz. (a) Total electric field. (b) Ex component.
TABLE IV
GAUSSIAN CONTENTS, THE POWER BEING COLLECTED ON THE OBSERVATION
PLANE, POWER TRANSMISSION COEFFICIENTS, AND THE FRACTIONS OF
DEPOLARIZED POWER FOR THE TWO MODES
342 GHz 1368 GHz
C s 94.6% 89.6%
P (kW) 1.628 0.109
η (P /P0 ) 81.4% 90.6%
XP 0.8% 0.8%
in turn leads to similar values of θB , L, La , and Φ for the two
modes.
IV. HIGH-POWER THz FSS
To avoid overheating problem and fabricating very fine struc-
ture [25], a freestanding FSS is designed by employing peri-
odic circular perforations on a brass plate, as shown in Fig. 8.
Although this type of FSS has been reported in a number of
literatures [26]–[28], its integration with a high-power vacuum
electronic device and operation with oblique incident wave at
Fig. 8. Sizes of the unit cell for the designed FSS.
Fig. 9. S21 parameters of the designed FSS and the sensitivity test regard-
ing D and H with CST Microwave Studio. (a) Sensitivity test regarding D.
(b) Sensitivity test regarding H .
frequencies over 1 THz have not been studied elsewhere. The
lengths of the square unit cell Lu are 190µm. The diameter of
the circular perforationD is 150µm, and the thicknessH of the
brass plate is 100µm. The designed angle of incidence (as θin
in Fig. 1) for the FSS is 15°.
Fig. 10. Fabricated FSS sample and the regional microscopic image.
TABLE V
COMPARISON BETWEEN THE DESIGNED AND AVERAGED
FABRICATED PARAMETERS
Lu (µm) D (µm) H (µm)
Designed 190 150 100
Fabricated 187 149 97
The above design of FSS is modeled in CST Microwave
Studio [29] to evaluate the performance. The conductivity of
brass is chosen as 0.698 × 107 S/m in the simulation. The S21
parameter of the designed FSS is shown in Fig. 9(a) by the
bolded red curve. The simulation result has shown an S21 value
of −34.01 dB at 342 GHz and that of −0.52 dB at 1368 GHz,
indicating that the low-frequency content will be reflected while
the high-frequency counterpart will be transmitted. Thus, the
two frequencies can be separated by the designed FSS with
good isolation. Fig. 9(a) also shows that as D varies from 130
to 170 µm, the insertion loss at 342 GHz remains higher than
27.66 dB, while that at 1368 GHz stays below 0.52 dB. Fig. 9(b)
shows that as H varies from 80 to 120 µm, the insertion loss at
342 GHz remains higher than 29.94 dB, while that at 1368 GHz
keeps lower than 0.74 dB. Thus, the designed FSS can tolerate a
fabrication error of 20 µm regarding D andH , and the insertion
loss can be maintained as below 1 dB given the above fabrication
error. Such accuracy can be provided by the etching technology.
The etching fabrication process of the FSS can be divided into
four steps: surface polishing, protective film coating, chemical
corrosion, and postprocessing. Before the experimental test, the
FSS surface is immersed in distilled water and cleaned by ultra-
sound. Fig. 10 shows the etched FSS sample, which is formed
by an array of 105 × 105 circular perforations. A regional mi-
croscopic image of the fabricated FSS is shown in the inset.
Good alignment of the holes can be observed. The comparison
between the designed parameters and the averaged fabricated
sizes is shown in Table V. The diameters of the individual
perforations vary from 144 to 152 µm, which are within the
range of sensitivity test. The root-mean-squared (rms) surface
roughness is measured as 399 nm by a DektakXT stylus surface
profiler [30]. By taking this rms value into the Hammerstad–
Bekkadal formula [31], [32], the effective conductivity of brass
Fig. 11. Comparison between the simulation and test results. The black curve
is the simulated S21 performance with the measured sizes listed in Table V. The
red circles and blue squares are the measured S21 values when the two sides of
the FSS sample are facing the incoming testing beam, respectively. The dotted
curve shows the transmission property of the proposed improved design.
is estimated as 0.741 × 107 and 0.698 × 107 S/m at 342 and
1368 GHz, respectively. Since the effective conductivity varia-
tion with frequency is small and has negligible impact on the
simulated S21 performance, its value used in the previous and
the following simulations is chosen as 0.698 × 107 S/m.
The designed FSS is then tested in a THz-TDS system [33].
Fig. 11 shows the comparison between the simulated and the
measured S21 curves. The tested insertion loss at 342 GHz is
32.7 dB, showing good agreement with the simulation result.
The simulated and measured S21 agree well with each other in
the frequency range from 0.2 to 1 THz, while the divergence
grows beyond 1 THz. This is not unexpected since the transmis-
sion of FSS becomes more and more sensitive to the fabrication
errors, such as roughness and flatness of the slab, variation of
hole size, and slab thickness, as the frequency increases. These
factors also explain the relatively higher insertion loss of 2.82 dB
than the designed value of 0.5 dB at 1368 GHz. Last but not the
least, the lowest value of the insertion loss is 1.33 dB at about
1281 GHz (transmission peak), which is about 100 GHz higher
than the cutoff frequency of the circular perforations.
The above analysis naturally leads to two possible methods
to improve the FSS performance at 1368 GHz. One method is
to employ a better fabrication technique other than the etching
process, such as the computer numerically controlled milling
machining, together with gold plating. The other method is to
reduce Lu and D to 0.18 and 0.14 mm, respectively, which
will raise the cutoff frequency of the perforations. By doing so,
the transmission peak goes up in the frequency range around
1368 GHz, instead of 1281 GHz, as shown by the dotted curve
in Fig. 11.
In addition, the power handling capability of the designed FSS
should be paid special attention to. Since the gyro-multiplier is
to be operated with pulsed power supply, the temperature rise
of the FSS is estimated to be lower than 50 °C, which will not
cause overheating problem to the metal slab made of brass.
For the electric breakdown, we need to consider a simultane-
ous incidence of two plane waves with the electric field strengths
of 2.25 × 105 and 2.38 × 105 V/m, respectively. These two val-
ues are the maximum electric field strengths of the generated
quasi-Gaussian beams at 342 and 1368 GHz, respectively. The
maximum electric field on the FSS can be estimated by calculat-
ing the maximum field enhancement factor (MFEF) [10]. The
values of the MFEF can be obtained from the full-wave EM sim-
ulation with CST Microwave Studio as 1.19 at 342 GHz and 3.28
at 1368 GHz, respectively. Therefore, the values of the maxi-
mum electric fields induced on the FSS by the two plane waves
are 0.27× 106 and 0.78× 106 V/m, respectively. The maximum
total electric field strength of 1.05 × 106 V/m is lower than the
breakdown electric field strength of the air Ea = 3× 106 V/m.
Hence, the designed FSS is capable of handling the high-power
THz output from this gyro-multiplier. For other cases where
much higher output power levels are involved, the methods of
breakdown prevention by using nonresonant elements [10] or
layered structures [34] in the FSSs can be considered.
V. CONCLUSION
A challenging output system for the gyro-multiplier with sec-
tioned cavity is designed based on the combination of a DQMC
and a high-power FSS. The performance of the DQMC is shown
to be optimal due to the fact that the two specially selected
modes of the gyro-multiplier exhibit similar propagation prop-
erties. The 3-D full-wave simulation has verified good linearity,
low cross polarization, and high Gaussian content in the con-
verted quasi-Gaussian beams. At the same time, a high-pass
FSS is shown to separate well the two output waves by their
frequencies in simulation and measurement. Also, the theoreti-
cal analysis has shown that the designed FSS can cope with the
high-power radiation of the quasi-Gaussian beams.
It is anticipated that the design method devised in this pa-
per can be applied to other gyro-devices with frequency mul-
tiplication, for example, the gyro-multiplier with corrugated
cavity [5].
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